Abstract: Dislocation is one of the major challenges in unmanned aerial vehicle (UAV) image 15 stitching. In this paper, we propose a new dynamic programming for seamlessly stitching UAV 
Introduction

28
Image stitching has a long history starting in the early days of computer vision and 29 photogrammetry. With the rise of UAV remote sensing technologies, this research has become 30 paramount to many applications based on UAV survey including 3D reconstruction, ecological 31 farming, disaster emergency management, and photography activity. These are due to UAV remote 32 sensing technologies' strength in low cost, high speed, and easy access [1] [2] [3] [4] [5] . However, its low flight 
52
There are various methods for seamless stitching of UAV remote sensing images have been 53 investigated [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among them, seam line-based methods are intended to reduce grayscale and 54 geometric differences, they look for the least-cost seam-line in the overlapping region of adjacent 55 images by constructing an energy function. In this paper, we will focus on the seam-line search 56 methods based on dynamic programming and optical flow.
57
A．Methods based on dynamic programming
58
This is a kind of mainstream image stitching methods. These methods in [11] [12] [13] focusing on the 59 energy difference between the images and its effect is superior, but there still exists some problems.
60
For example, dynamic programming-based methods in [11-13] adopt Dijkstra's shortest path 61 algorithm to search for the optimal seam-line, which addresses the ghosting and dislocation problems 62 because of the movements of the objects and registration errors, but it suffers from low search 63 efficiency and complex weight determination. The ant colony method in [14] also is based on dynamic 64 programming, which can evade the area where the color contrast is larger on the image, while it will 65 easily lead the search processing to the local optimum due to its sensitivity to ants' number. In 66 addition, there are some other methods based on the snake model [15] , and some based on 67 morphological model [16, 17] . Although these methods can almost guarantee the consistence of the 68 geometric structure and evade the phenomenon of ghosting in the overlapping regions under certain 69 conditions, they are unable to guarantee that ghosting and seams will be overcame at the same time-
70
especially when there is a significant brightness difference in the adjacent images. Simultaneously,
71
these methods are unable to achieve satisfactory results when there are rich texture structures in 72 image pairs, registration errors, and radiation brightness differences. Furthermore, most of the 73 current seam-line generation methods based on dynamic programming theory rely strongly on image 74 direction that leads to a low robustness with energy functions.
75
B．Methods based on optical flow
76
Optical flow is the pattern of apparent motion of objects, surfaces, and edges in a visual scene 77 caused by the relative motion between an observer and a scene [18] [19] . The American psychologist
78
Gibson introduced the concept of optical flow in the 1940s [20] . Sequences of ordered images allow the 79 estimation of motion as either instantaneous image velocities or discrete image displacements [21] .
80
David and Weiss introduce gradient-based optical flow [22] . John 
102
Therefore, it is difficult to do UAV image stitching only by the methods based on optical flow.
103
Nonetheless, the optical flow information of pixels in the overlap area of adjacent images can well 104 provide the structural information of the images, which is conducive to search of the optimal seam-105 line [26] .
106
In this paper, the optical flow information of the pixels in the overlapping area of the adjacent 107 images is used to construct the improved dynamic programming energy function, trying to find the 
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This will directly lead to the optimal seam-line susceptible to dense buildings. 
159
We developed a new dynamic programming method for UAV image stitching using optical flow.
160
The proposed method searches seam-lines by improving gradient guidance direction, energy 161 accumulation directions (energy aggregation direction, energy traversal direction), and the optical 162 flow value of the pixels in the overlapping area are taken into account. 
187
In Figure 5 , P is the current pixel. We redefine the nine related directions surrounding P as 
195
In this paper, in order to better take into account the image structure information in the calculate [25] . The pixel displacement in the overlapping area can be calculated by H-S method.
201
Formula (4) is its objective function.
202
(4)
203
In formula (4), Eflow is the value of optical flow, u and v is the displacement in the x and y axis 204 directions. T is the reference image, I is the current image. λ is a weight factor. 
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The image energy matrix is E, it can be calculated by formula (5 
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○ 4 Fill the energy matrix E according to the results of ○ 3 .
236
○ 5 Reestablish two energy aggregation channels: the C1 and C2 matrices, which have the same
237
size as E; each pair of corresponding elements in these two matrices hold two scalar numbers 238 representing the current aggregation value and the current path direction of the seam-line.
239
○ 6 For the first row of the matrices C1 and C2 assigned with the first row of E as the initial value,
240
and set them corresponding direction as zero.
241
○ 7 The energy aggregation channel matrices start to make a difference from the second row, 
247
○ 8 When the aggregation is finished, the minimum energy value are found from the last row in
248
C1 and C2 respectively, and then an optimal stitching path is found based on the direction 249 information stored in the matrixes.
250
In order to ensure that the seam-lines start and end at the intersection points, we select two 
Experimental Environment and Data
255
To verify the effectiveness of our method (Our-flow-DP), we not only utilized the UAV images 
Comparison of Stitching Results with Four Groups of Image Pairs
277
In order to verify the effectiveness of our proposed method, the methods of Duplaquet3-DP,
278
Duplaquet4-DP, OpenCV-DP, and Our-Flow-DP were used to search the optimal seam-lines of image 
Comparison of Four Methods under the Condition of Image Rotation
301
Firstly, the images in Figure 7 were rotated from the horizontal to the vertical. Then, we used the 302 four methods to search the optimal seam-lines for vertical and horizontal images respectively. Figure   303 13-16 show the results of them. In Figure 13 , 15, 16, the partially enlarged pictures illustrated that the 304 optimal seam-lines searched by Our-Flow-DP had basically no change before and after rotation, they an obvious changed in Figure 13 , 15, 16. In Figure 14 , the seam-lines of Duplaquet4-DP is more 311 susceptible to tall trees than Duplaquet3-DP and OpenCV-DP. From the above results analysis, Our-
312
Flow-DP is more direction independent than the other three methods, and it can best avoid houses 
Efficiency Comparison of Our Energy Accumulation Processing
333
In the previous experimental results, our method found the most satisfying seam-lines.
334
Since Our-Flow-DP is based on the classical Duplaquet method, this section will compare the 335 energy accumulation time efficiency of Duplaquet3-DP, Duplaquet4-DP and Our-Flow-DP.
336
Firstly, we assumed that Our-Flow-DP, Duplaquet3-DP and Duplaquet4-DP could find the same 
346
the above assumption is invalid, that is to say: they can not get the same optimal seam-lines.
347
We selected four experimental image pairs in Figure 7 to verify the above conclusions. In
348
order to speed up the calculation, it is generally necessary to zoom the image at a certain scale.
349
So, the size of the overlapping area is not same to the size of the original image overlapping area.
350
The experimental results can be seen in Table 1 
368
better than the contrast methods. The proposed method is proved to be direction-independent, more 369 efficient, and more robust. However, there are still some problem with our proposed method, we can 370 see in Figure 14 . In the future, we will continue to improve our existing deficiencies to achieve a more 371 perfect and robust method of rapid UAV image stitching. 
